Spatial Light Modulator (SLM) is a powerful active optical component to change the optical wavefront by electrical signal and had been widely investigated for many applications. We use LCoS (Liquid Crystal on Silicon) which has high reflectivity and spatial resolution as main component of SLM educational kit, and present a series of experiment to let students know the background theory of SLM. Our course mainly has three parts, the first part is the principle of LCoS SLM which has polarization, jones matrix, and uniaxial crystal theory. The second part is wave optics which can see interference, diffraction, and dispersion phenomenon. The last part is Fourier optics which has the concept of spatial frequency, spectrum, Fresnel diffraction, and Fraunhofer diffraction. This educational kit also includes software that produces some basic diffraction grating which dynamically response to parameter changing and customized user's own diffraction grating by macro commands. In this paper we will describe the background theory, experiments design, and result of experiments to show what students can learn from the SLM educational kit.
INTRODUCTION
Recent years have seen increased attention being given to Liquid Crystal SLM's applications e.g. adaptive optics 1 , holographic display 2 , beam shaping 3 , and beam steering 4 . There are two type of LC-SLM: transmissive type and reflective type. Reflective type SLM typically has more efficient light usage and less annoying diffraction by high aperture ratio. Consequently we decide to design a series of experiments which are sorted into 3 topics for reflective type LC-SLM, and each of these topics has 3 to 4 experiments.
The first topic, "Fundamentals of SLM", is designed to let students familiar with reflective type LC-SLM. It has four experiments regarding how pixelated structure diffracts light 5 , how to use SLM as an amplitude/phase modulator 6 , and how to modulate the wavefront 7 . After completing these experiments, students have had the background knowledge to operate SLM system including SLM and optical components setup for SLM. Next we try to apply the SLM to traditional optical experiments, single/double slit diffraction 7 , Michelson interferometer 7 , and dispersion 7 . The SLM is not only a wavefront modulator but also a programmable mask, we can change any mask setting like slit width, separation of two slits, and pattern period, then we can easily see the difference of experiment result. At the last topic, we'll go further into Fourier optics which discusses the optical wave propagates in space by Fourier analysis. There are three experiments related to Fourier optics, signal processing 5 , Talbot image 5 , and phase shifting digital holography 5 . SLM can provide fine grating with 1080p resolution for these experiments.
SLM is a powerful tool for light wave modulation and related applications but it highly needs theoretical knowledgement to operate it, especially for holographic applications. Therefore, we're trying to promote it by a serious of experiments which only needs basic diffraction patterns, and we also provide GUI to easily draw these patterns for students.
REFLECTIVE SPATIAL LIGHT MODULATOR
LCoS-SLM has pixelated structure as micro display. When coherent light source illuminates the pixelated structure, it is diffracted both in vertical and horizontal direction, and the polarization state is changed by the anisotropic characteristic of liquid crystal. Using this characteristic of LC, SLM can modulate amplitude or phase of light. Our goal of the first section is that let students know these characteristics of SLM and use it to modulate basic wavefront.
The main optical system for reflective SLM in our educational kit is shown in Fig. 1 . Most of the experiments are under this configuration but has slight difference in each experiment. The first part of our optical system (purple) from Laser to collimating lens is collimating system which produces a plane wave to illuminate the SLM. The second part is polarization system (red), two polarizers constrain the input and output polarization state to switch SLM between amplitude modulator and phase modulator. The last part is an imaging system (blue), the imaging lens will form SLM image onto screen or CCD. Our educational kit for SLM mainly uses these three parts to compose ten experiments.
We have four experiments in the first section. At the first experiment, we tried to measure the period of the SLM pixelated structure. The experiment setup is shown in Fig. 2(a) , with a simple illuminating configuration for reflective type SLM, we only keep the polarization part and two polarizers are aligned with ordinary axis of liquid crystal to prevent from variation in index of refraction. Laser normally incident on SLM and then it is reflected back with many diffraction orders as shown in Fig. 2(b) . By Fourier series analysis, a periodical structure can be expressed by following equation
where
D is the period of the structure, and n is the n th order of diffraction. From this equation, we can see that a periodical structure can be represented by a series of plane waves whose diffraction angle is related to structure period and the weight function for each order is related to aperture ratio. In this experiment we can measure the light spots position and intensity in Fig. 2 (b) to get those information. For our SLM, the diffraction angle is 0.0817 rad and intensity ratio of zero to first order is 0.0031, and we can obtain that the period is 6.5μm and aperture ratio is 90.2% from this experiment. In experiment 2, students will learn how to use SLM as an amplitude modulator. The optical setup is shown in Fig.  3 (a), a plane wave passes through SLM with two polarizer controlling input and output polarization state, an imaging lens behind the SLM forms the SLM image onto screen. The transmittance of this system is
where is the angle between polarizer and analyzer, is the angle between the polarizer and LC director, and is the phase retardation related to voltage applied. With a cross polarized configuration which equal to 90 degree and equals to 45 degree. The transmittance becomes
We can get an amplitude modulator with sinusoidal response by this configuration. Experiment 3 is phase modulator, we use the same optical setup as experiment 2 but change the polarizer and analyzer direction to align with LC director, it means = = 0. As a result, the transmittance is always 1, there is no amplitude variation at this configuration, only phase varies with input signal. We will examine the phase modulation capability by interference, therefore, we add one more mirror for reference light, new setup is shown in Fig. 4(a) . We adjust the tilt angle of Mirror to get a horizontal interference and then put a black/white pattern as shown in fig 4(b) to the SLM, each gray level represent different phase difference. The white parts will gradually changes its gray level from 0 to 255, and the interference pattern will be shifted as equation below
where is the wavenumber, is the angle between two plane wave reflected from SLM and mirror, is the phase difference between these two waves. The phase shift is in proportion to interference shift, thus we can measure the phase difference by the shifted interference. The last experiment in this section is wavefront modulation, students have known how to use SLM as a phase modulator in previous experiment, and they will learn how to modulate the incident plane wave to converge, diverge, and orientates to other directions. The plane wavefront and spherical wavefront in the SLM plane(x-y plane) can be expressed as following equations 2 sin , plane wave 0 ( 2 + 2 ) , spherical wave (5) where is the angle between z axis and propagation direction, 0 is the distance from diverging or converging point to the SLM plane. We can directly get the phase information by substituting pixels position(x, y) data of SLM, each pixel will have its phase information and each phase data corresponds to gray level input from computer, the resulting plot are shown in Fig 5(b) and Fig 5(c) . The optical system is shown in Fig 5(a) , Laser is expanded to illuminate the SLM and two polarizer has the same direction as LC director. Linear polarized plane wave takes phase data from SLM and then wavefront is changed. We can see the result of propagation of modulated wavefront on the screen is shown in Fig.  5 (e)~(f). 
WAVE OPTICS
In previous section, those experiments let students familiar with SLM and learn how to operate it with optical components. In this section, SLM will be applied to traditional optical experiments by providing phase grating and amplitude mask. We try to link SLM with traditional experiments and show some idea of applying SLM to education. The first experiment in this section is interference and diffraction, we use the same concept of Young's double-slit experiment, but we use SLM as the tunable slit. SLM is an active optical component which can dynamically change the slit's size and spacing between two slits, therefore, we can easily compare diffraction result by switching slit pattern in computer. The optical setup is shown in Fig 6(a) , expanded laser beam take the amplitude data from SLM, two polarizers are cross polarized to get an amplitude modulator, and lens behind the analyzer collect the diffraction caused by amplitude grating to the screen. The resulting interference patter for single slit and double slit are shown in Fig. 6 (b) and Fig. 6(c) . Next experiment in this section is Michelson interferometer, we've used this setup in previous section to see the phase modulation by shifted interference pattern. We'll use this setup again but remove the imaging lens as shown in Fig.  7(a) . It's a typical Michelson interferometer, but we replace one mirror by SLM as the object wave and light reflected from mirror is the reference wave. We can modulate the object wave reflected from SLM just as what we've done in wavefront modulation. Then object wave and reference wave propagates in the same direction by beam splitter and interfere. CCD behind the analyzer capture the interference as show in Fig.7(b) and 7(c) . Fig. 7(b) shows the interference by spherical and plane wave, Fig. 7(c) shows the interference by two plane waves. The last experiment in section 2 is dispersion, we use LED as the light source and optical setup is shown in Fig. 8(a) . An iris is in the image plane of lens 1 in order to get a better resolution, lens 2 is collimating lens for light source image in the iris, and then we put blazed grating as shown in Fig. 5(b) to SLM, the light with different wavelength will be diffracted to different direction and collected by cylindrical lens. The diffraction angle will follow this equation
where is the period of blazed grating, θ m is the angle of m th diffraction order, and λ is the wavelength. Students can find the wavelength by its diffraction angle. The dispersion image is shown in Fig. 8(b) . 
FOURIER OPTICS
LCoS SLM has pixelated structure with high aperture ratio and smaller pixel size than other SLM devices, these properties make LCoS SLM good for Fourier experiments which use Fresnel and Fraunhofer diffraction as background knowledge. Because diffraction phenomenon is usually not obvious, we need digital patterns with pixel size near the wavelength range and high reflectivity to get a clear diffraction result.
The first experiment in the last section is signal processing. This experiment is basically a 4-f system, but it becomes reflective type for LCoS SLM. The optical setup is shown in Fig. 9(a) , coherent light source was expanded by spatial filter and collimating lens, and then plane wave illuminates the grid pattern as shown in Fig. 9(b) , lens behind the pattern transform it into spectrum onto SLM whose function is a filter in this experiment. The spectrum of grid pattern can be obtained by Fourier transform as following equation
ℱ{u(x, y)} = ℱ {comb ( 
where ℱ is the Fourier transform, D is the spacing between each line, and d is the width of each line. This shows that there are a lot of light spot with sinc function as envelope signal on SLM plane. We input a slit patter into SLM, and all the high frequency in vertical axis is blocked, only spectrum in horizontal line is preserved. The imaging lens behind the SLM will transform it back to image onto CCD, the new image is shown in Fig. 9(c) . 
where R is the reference wave, I is interference of object and reference wave, and subscript 0 means the reference interference, other value mean the phase shift in reference wave. Therefore, we use Michaelson interferometer again and SLM is used to give phase retardation to the reference wave by giving different gray level input. The optical setup and interference set is shown in Fig 11(a) and (b), and then we use equation above and Fresnel diffraction to calculate the object wave, result is shown in Fig. 11(c) . 
SOFTWARE
The operation of LCoS SLM in our educational kit is like a micro display, we calculate phase information on SLM plane, convert phase data into gray level data, draw the gray level pattern, and export patter from computer to SLM via HDMI cable. But drawing pattern is usually a hard work for students because they need to calculate phase data and convert this data into pattern. Therefore, we also designed software for these experiments. The concept of the software is pretty simple, it's a pattern generator which generates basic diffraction pattern to SLM and dynamically responses to input parameters. The software skin is shown in Fig. 12 , two windows at the bottom are description and diagram of optic system, and windows on the top are calculated grating and parameter slide bar which controls the diffraction angle, rotation, focal length, and so on. Users can drag the slide bar to change the pattern and send it to SLM automatically. Software also provides macro for user to define their experiments including mathematical formula of diffraction grating, parameters, description, and diagram.
CONCLUSION
In conclusion, SLM is a powerful optical device and it has many applications, but those applications needs base knowledge to a certain degree, hence there is a gap in learning SLM. Therefore these experiments do not have complicated optic experiments and focus on two things, "how to operate" and "what gratings can do". We hope this can help students easily start to learn. In future work, we'll try to develop educational kit further by simplify SLM's application and introduce these applications to SLM users. 
